When cells from cultures of Streptococcus mutans strain FA-1 grown at 37 "C were exposed to incubation temperatures of 26 "C or less for 5 min or more, an extensive aggregation of particles was observed on the convex fracture faces of their freeze-cleaved membranes. Aggregation of particles was accompanied by a parallel increase in the activation energy for growth. By shifting the growth temperature from 37 to 24 "C for one doubling of culture mass, the transition temperature for membrane particle aggregation could be lowered from about 26 to 0 "C. Although membrane lipids became enriched with unsaturated fatty acids during this period of growth at 24 "C, this enrichment was not accompanied by an increased growth rate of the culture. However, the period of growth at 24 "C did result in bacteria that could grow more rapidly at 10 "C than could bacteria directly transferred from cultures grown at 37 "C. These observations suggest that the increase in membrane fluidity that occurs when bacteria are grown at 24 "C does not allow bacteria to grow faster at 24 "C, but rather allows them to adapt more readily to further decreases in growth temperature. 55455, U.S.A. 0022-1287/80/0000-9344 $02.00 0 1980 SGM Downloaded from www.microbiologyresearch.org by
I N T R O D U C T I O N
Membranes of bacteria that are rapidly frozen from above the phase transition temperature of their membrane lipids generally show a random distribution of particles on the convex surfaces of their freeze-cleaved membranes (Cronan & Gelmann, 1975) . In contrast, when the same bacteria are briefly exposed to temperatures below the transition point, the particles on the convex face aggregate, frequently leading to the observation of particle-free patches on the cleaved membrane surface. Recently, physical isolation techniques have shown that these patches are domains enriched in saturated fatty acids, and behave as ordered islands of lipid (Letellier et al., 1977; Van Heerikhuizen et al., 1975) . The temperature at which these ordered domains will form depends on the content of unsaturated fatty acids in a given membrane (Cronan, 1978; Cronan & Gelmann, 1975) . Changes in fatty acid composition of bacterial membranes can be produced by a variety of means, such as: (i) providing unsaturated fatty acids to mutant strains that require such fatty acids for growth (Cronan & Gelmann, 1975) or (ii) varying the growth temperature (Drucker & Veazey, 1977; Gill, 1975; Gill & Suisted, 1978; Marr & Ingraham, 1962; Shaw & Ingraham, 1965) , the doubling time (Gill & Suisted, 1978) , or the composition of the medium of a culture (Archer, 1975; Panos & Leon, 1974; Panos & Rottem, 1970 We have now measured the temperature at which particles aggregate in membranes of Streptococcus mutans FA-1 grown at 37 "C, and we have studied how bacteria transferred to temperatures below that which causes this aggregation are able to grow and to induce subsequent changes in the structure of their membranes.
METHODS

Streptococcus mutans
FA-1 was grown for six mass doublings in a chemically defined medium containing glucose (Terlecky et al., 1975) . Growth was followed turbidimetrically. For temperature shift experiments, cultures grown at 37 or 24 "C were rapidly swirled in a water bath adjusted to a temperature between 37 and 0 "C (Tsien & Higgins, 1974) . Samples were taken before temperature shifts and after various periods of growth at selected temperatures. In some experiments, glutaraldehyde was added immediately to samples (to a final concentration of 2.0 %, w/v) either directly (where no shift in temperature occurred) or 5 min after a shift in incubation temperature. Glutaraldehyde was used to stabilize membrane particle distributions and to render them insensitive to postfixation temperature variations (Tsien & Higgins, 1974) . Samples were prepared for freeze-fracture as described previously (Tsien & Higgins, 1974) . Bacteria were concentrated by rapid centrifugation (8000g for 30 s), frozen in liquid Freon 22, fractured with a Balzer's 3603 freezeetching unit at -100 "C and shadowed with carbon-platinum after 1 min of etching. Replicas were cleared with 70 % (w/v) H,S04 and 2 % (w/v) sodium hypochlorite, and examined with a Siemens 1A electron microscope at instrumental magnifications between 20000 x and 40000 x .
To determine the proportion of cells which had particlefree patches after the growth temperature was shifted from 37 to 24 "C, at least 100 cells were selected for study, each of which showed a convex membrane fracture surface of approximately 1 ,urn2 or greater and a cell diameter greater than 0-7 pm. After various periods of growth at 24 "C, the proportion of these cells showing membrane patches was determined.
Fatty acid determinations. Fatty acid mixtures were obtained, methylated and analysed by capillary column chromatography, before and after catalytic hydrogenation, as described elsewhere (Panos & Leon, 1974; Panos & Rottem, 1970) . Minor fatty acid components (less than 1.2 %) are omitted from Table 1 .
RESULTS A N D DISCUSSION
As expected from studies of other bacterial species, a random distribution of particles was seen on the convex fracture faces of membranes of S. mutans FA-1 grown and fixed with glutaraldehyde at 37 "C ( Fig. 1 a) . However, when a culture grown at 37 "C was transferred to room temperature (about 24 "C) for 5 min before fixation, particle-free 'patches' were seen on the surfaces of freeze-cleaved membranes ( Fig. lc ). Identical results (not shown) were obtained for membranes of unfixed cells. By transferring a culture grown at 37 "C to a series of lower temperatures for 5 min before adding glutaraldehyde, it was found that patches were observed on membranes exposed to temperatures of 26 "C or less. An Arrhenius plot (Fig. 2 ) of the growth rates established by these same cultures showed an inflection point at about 26 "C. Interestingly, the rates of growth shown in Fig. 2 were established without lag when the cultures were transferred to the indicated temperatures, and thereafter remained constant for two subsequent mass doublings. The results described above suggest that at about 26 "C a major change in membrane structure occurs which results in an increase in membrane order (patches) and in a concomitant increase in the activation energy for growth. That growth is possible in cells containing membranes showing a great deal of order is consistent with findings with Escherichia coli, which suggest that this species can grow with more than about 50 % of its membrane lipids in the ordered state (Jackson & Cronan, 1978; Thilo & Overath, 1976) .
However, the above interpretations apply only to cells from cultures of S. mutans grown at 37 "C. For example, cells grown for several generations at 24 "C no longer showed the patches seen when cells grown at 37 "C were initially shifted to 24 "C ( Fig. lb) . Patches were not seen on the membranes of these cells grown at 24 "C until they were incubated at 10 "C or less for 5 min before the addition of glutaraldehyde (Fig. Id) . These observations suggest that growth at 24 "C results in a considerably more fluid membrane. The arrows indicate the times at which samples were removed and fixed at 24 "C for study by electron microscopy. The line representing the growth rate at 24 "C was extended to the last arrow on the basis of information gained in other experiments that this rate of growth would remain constant for at least two generations after the shift to 24 "C. Fig. 4 . Disappearance of patches on convex membrane fracture faces of cells from a culture of S. mutuns FA-1 after shift from 37 to 24 "C. Figure 3 shows the effect on the turbidity of a culture when its growth temperature was shifted from 37 to 24 "C, and the points at which samples were removed and fixed at 24 "C for study by the freeze-fracture technique. At least 100 replicas of cells with convex membrane fracture faces were selected from each sample. The percentage of these cells showing patches was determined and plotted as a function of time of growth at 24 "C. The zero time sample shown in this figure was taken from the culture before the shift in temperature (first arrow in Fig. 3) and then incubated for 5 min at 24 "C before cells were fixed with glutaraldehyde at 24 "C. In each case the cells were fixed at 24 "C. Fig. 5 . Growth of S. mutans FA-1 at 10 "C when transferred from 37 and 24 "C. Two cultures were grown for five mass doublings at 37 and 24 "C, respectively. A portion of the culture grown at 37 "C was then incubated at 24 "C for one mass doubling. All three cultures were then shifted to 10°C and growth was followed turbidimetrically: 0, culture pregrown at 24°C; 0 , culture pregrown for one generation at 24 "C; B, culture pregrown at 37 "C.
It then became of interest to determine the time needed after transferring a culture from 37 to 24 "C before patches could no longer be observed. Growth of such a culture, as measured by turbidity, before and after tbe temperature shift is shown in Fig. 3 . Somewhat surprisingly, after the temperature shift the culture of S. mutans FA-1 immediately established a new slower rate of turbidity increase. Thus, unlike similarly shifted cultures of E. coli (Marr & Ingraham, 1962; Shaw & Ingraham, 1965) , a detectable lag in growth was not observed. Freeze-fracture studies showed that before the shift 100% of the convex membrane faces examined showed patches when incubated at 24 "C for 5 min (Fig. 4) . After the shift to 24 "C, the number of cells showing patches decreased continuously, so that after 280 min (about one mass doubling) the membranes of nearly all cells were free of patches.
Along with the disappearance of patched membranes, a 20 % increase in unsaturated fatty acids, with little change in total fatty acids, was observed in cells shifted to 24 "C for one mass doubling compared with the fatty acids found in cells grown at 37 "C ( Table 1) . This enrichment with unsaturated fatty acids during the period of growth at a suboptimal temperature is consistent with comparable measurements made with other species (Cronan & Gelmann, 1975 ; Marr & Ingraham, 1962) ; however, as noted above (Fig. 3) , this enrichment in unsaturated fatty acids during growth at 24 "C was not accompanied by an increased growth rate (not shown). It might have been expected that the increase in membrane fluidity during growth at 24 "C, as evidenced by the increase in unsaturated fatty acids, and the decrease in the temperature for membrane particle aggregation could have resulted in an increase in the activation energy necessary for growth at 24 "C (as would be suggested by a decrease in growth rate). That this apparently did not happen raises a question concerning the possible advantage(s) that an increase in membrane fluidity with growth at 24 "C might provide. It has been suggested that E. coli normally constructs its membranes with 'excess fluidity' which may not provide any advantage during a modest decrease in temperature, but which might allow survival after a drastic reduction in temperature (Cronan & Gelmann, 1975; Jackson & Cronan, 1978) . To test such an idea, two cultures of S. mutans, were grown for five mass doublings, one at 37 "C and one at 24 "C. The culture grown at 37 "C was divided in half and one portion was incubated at 24 "C for one mass doubling. All three cultures were then shifted to 10 "C, and their subsequent growth was followed turbidimetrically ( Fig. 5 ). At 10 "C, the culture grown at 37 "C showed a long lag followed by a very slow increase in turbidity. However, the other two cultures, both of which had been pregrown at 24 "C before the shift, immediately initiated more rapid growth than did the culture grown at 37 "C. Although this type of experiment does not directly examine survival of cells at low temperatures, it seems clear that a major fraction of the cells in the population pregrown at 24 "C for only one doubling not only survived but grew after the shift to 10 "C.
In summary, it would seem that the membranes of S. mutans are constructed with sufficient fluidity to allow both survival and growth at a variety of suboptimal temperatures. Furthermore, if allowed to grow at these lower temperatures, the cells can modify their membrane composition and fluidity to permit growth at still lower temperatures. Clearly, even though this organism is normally a resident of the oral cavity, this species has retained the capacity to survive in, and in some cases to grow at, suboptimal temperatures.
